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Abstract
Material extrusion additive manufacturing has been widely adopted because it offers
freedom of design, which allows complex geometry fabrication, and rapid prototyping. Interest
in producing components with integrated functionality allowed forms of hybrid manufacturing to
be developed such as the Multi3D system. This system produces parts with embedded
components by combining additive, subtractive, soldering, dispensing, and embedding
techniques. However, this involves pausing the printing process (which takes place in a
controlled environment) and exposing it to ambient temperature where embedding takes places.
In this research, the effect of embedding parts with 24 AWG copper for improved functionality
was quantified mechanically. To do this, five different specimen treatments were designed in
which the number of wires present was varied. Uniaxial tensile testing along with static
structural simulations were carried out to analyze stress concentration areas within the geometry
and characterize the mechanical properties of the parts. Embedded specimens were also tested
electrically using a direct current power supply during mechanical testing to analyze the
electrical conductivity and continuity of the ultrasonically embedded copper wire. It was found
components with embedded copper wires experienced a decrease in mechanical properties;
however, there was no impact on the electrical conductivity of the copper trace during testing.
The finite element analysis simulation revealed stress concentration areas within the specimens
with embedded wires

which could cause the part to fail prematurely. The results found in this

study can help in the design of embedded components when integrated functionality is the goal
in mind and in aiding future process improvements to the hybrid additive manufacturing
approach.
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Chapter 1: Introduction
1.1 MOTIVATION
The use of hybrid manufacturing methods opens the possibility of more functional, additively
manufactured components. A system that can manufacture substrates via material extrusion, create
wire traces along with component pockets using subtractive methods, and make use of soldering
technologies can be used to create multi-functional parts. Hybrid manufacturing systems can
reduce build time by combining different methods into a single system. This type of system can
be potentially used to create parts with integrated functionality in orbit. Astronauts could one-day
manufacture components in space without having to wait for parts manufactured on earth to arrive.
Parts produced using hybrid manufacturing methods must be mechanically and electrically
characterized in order to drive design and potential applications.

1.2 OBJECTIVES
The goal of this study is to characterize the mechanical properties of specimens with
embedded conductors. The specimens are built using a hybrid manufacturing approach and serve
as the basis for the design of components using this approach. The objectives are to develop a
test method including different samples, specimens, and fixtures. To compare the obtained data
with computation finite element analysis and to delineate improvements based on the collected
information.
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Chapter 2: Literature review
2.1 ADDITIVE MANUFACTURING
Additive manufacturing (AM) is a relatively new technology that has revolutionized
industry and has opened the possibility to create parts that would’ve been impossible to build using
conventional manufacturing methods. Charles Hull, founder of 3D Systems Inc in 1984 secured
the first patent for an additive manufacturing process. It consisted of a system for creating threedimensional parts by creating a mask (using laser radiation) unto a fluid medium. This refers to
the description of the first stereolithography apparatus (U.S. Patent 4,575,330). In a conventional
additive process (as the name implies), material is added onto a substrate until a part or geometry
is built usually in a layer-by-layer procedure. Each deposited layer bonds to the preceding layer
until an object is created. Not only is it possible to build complex geometries in this sense but also
lighter and stronger parts when guided by topology optimization and finite element analysis
software packages. AM usually require support structures to build features such as overhangs or
bridges constructed at angles of 45 degrees or greater with respect to the vertical. Support
structures can also serve as heat sinks, this is the case in laser powder bed fusion (LPBF) where
excess heat is driven out of the part through the support structures while securing it to the platform
so that thermal stresses do not strain the part. 3D printed parts are normally created using
computer-aided design (CAD) modeling software and then converted into STL files. STL (or
Standard Tessellation Language) is a representation of a raw, dimensionless triangulated surface
by the unit normal and vertices of the triangles using a three-dimensional Cartesian coordinate
system. However, STL files describe only geometry and no other important properties like color,
size, texture, or type of material. Newer CAD files like. step or. iges do carry some of these features
as instructions to the 3D printer. Some processes within additive, like vat photopolymerization or
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fused deposition modeling, have become great tools for rapid prototyping and product
development since these processes are now relatively inexpensive to use and the build times are
fast compared to other methodologies. A recent sustainability perspective revealed that 3D printing
has the potential to reduce costs by US$170-593 billion, the total primary energy supply by 2.549.30 EJ and CO2 emissions by 130.5-525.5 Mt by 2025 [7]. Industries such as medical, aerospace,
automotive, machinery, and architecture have successfully adapted AM due to the advantages
mentioned above. An example of this is the development of an antenna array used in the COSMIC2 satellite mission, which was manufactured using additive manufacturing, specifically they used
fused deposition modeling (FDM), with the high-performance polymer ULTEM 9085.
2.1.1 Processes of additive manufacturing
The following process descriptions were writing by consulting information acquired in the
courses of the Graduate Certification program in 3D Engineering and AM, which largely used
Gibson et al 2020 as a source.
Powder bed fusion is an AM process in which thermal energy selectively fuses regions of
a powder bed (ISO/ASTM 52900, 2015). This process resembles a welding operation in which a
laser, in one example, is selectively inducing thermal energy to join build material particles in a
powder bed. This area of additive manufacturing is of great potential. LPBF allows for a high
degree of geometrical freedom when designing complex components. However, as of now, there
also exist important limitations that need to be addressed before it can become the go-to
manufacturing process for industries like aerospace or automotive. LPBF systems require an inert
gas atmosphere to operate which in turn, helps reduce the risk of oxidation within the part and,
although necessary, this parameter considerably increases the operation cost. Also, the relatively
high surface roughness of as-built LPBF parts limits fatigue performance of the components [2]
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and consequently, it reduces the useful life of the manufactured part substantially. A series of postprocessing steps like milling, blasting, electropolishing, or even heat-treating can greatly decrease
roughness resulting in improved part performance but, this also translates to high post-processing
times and costs [1]. Nevertheless, research in this area is ever-growing and major companies like
General Electric are showing great interest in investing to develop LPBF further down the line.
Binder jetting is also part of the additive manufacturing processes. ISO/ASTM 52900
(2015) defines it as “a process in which a liquid binder is selectively deposited to join powder
materials”. Like LPBF, binder jetting builds upon a powder bed feedstock. Unlike LPBF where
thermal energy is used to bond material particles, binder jetting uses a liquid bonding agent which
is selectively deposited throughout a jet nozzle head onto the powder bed then, a roller spreads a
layer of powder, and the process is repeated in a layer-by-layer procedure. Binder jetting
technology produces "green parts," which then need to be heat treated and post-processed to
produce a consolidated final geometry. Green densities, which are the densities of as-printed parts
(before any heat treatment post-processing) significantly affect binder jetted parts' strength and
quality. Green densities are highly dependent on particle shape, particle distribution, and the
oscillator spreading velocity therefore is important to control these parameters in the binder jetting
process [3]. The first heat-processing phase consists of curing as-printed parts to further solidify
the part. Then follows the binder burnout phase where the oven is set to a temperature that will
cause the binder to volatize while not affecting the properties or composition of the build material.
After volatizing the binder, the green part is at its weakest point. It is only held by the capillary
forces of the powder particles and should be handled with care. Lastly, sintering involves heating
a printed part to temperatures less than the material’s melting point (usually about 75% of Tm) and
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a specific time frame allows for a complete and uniform grain growth within the powder [4]. This
technology can be used to print metal or ceramic materials.
Vat photopolymerization (VAT), often called by the 3D System’s trademark
stereolithography, is another of the process categories additive manufacturing has to offer.
According to ISO/ASTM 52900 (2015), it is a manufacturing process in which a liquid
photopolymer in a vat is selectively cured by photopolymerization. As the name implies, the
material feedstock for this process comprises a vat full of liquid resin which is selectively cured
by a laser beam. The manufacturing process begins once the build platform descends into the vat
full of resin. In the most common configuration, a laser beam is pointed at mirror galvanometers
which direct laser energy to the correct coordinates inducing a phase change and hardening the
material along the path of the scanned laser. The platform then ascends to allow fresh resin to flow
above the cured layer. The process is repeated in a layer-by-layer procedure until the desired
geometry is achieved. Once the part is printed it needs to be bathed in a solution to remove uncured
resin or excess residue. After this, the part is exposed to UV light to further cure and hardened the
structure. It is important to point out that further UV exposure (e.g., sun rays) can further cure resin
and potentially deform a printed object if exposed for long periods of time. Digital light processing
(DLP) is a variation to the vat photopolymerization process in which an entire layer or multiple
sets of points are cured as opposed to a regular vat photopolymerization machine which cures
singular points. Compared to other methods, this technology offers greater resolution of up to 25
microns in XY directions. The resolution of this process is mainly a function of the diameter of
the laser beam and layer height. Different industries have identified the advantages this process
has to offer and for this reason, it is common to find cured models used in jewelry manufacturing
or cinematography industries where complex geometries and high levels of detail are a demand.
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Vat photopolymerization has also been adopted by dentistry and orthodontist around the world. It
has been found that creating dental models using vat photopolymerization reduced manual labor
greatly and increases precision at a relatively affordable cost. By using intraoral scanners, CAD
software, and VAT machines, engineers and dentists have been able to recreate surgical guides,
denture models, and crowns. Researchers and scientists have developed biomaterials that can be
used and incorporated into SLA machines opening a new range of possibilities and applications
for dental and medical industries.
Sheet lamination is a process in which layers of material are bonded to form a part
(ISO/ASMT 52900, 2015). This AM category includes ultrasonic additive manufacturing and
laminated object manufacturing. The ultrasonic additive manufacturing process uses sheets of
metal material bounded together by ultrasonic welding. Laminated object manufacturing (LOM)
bonds paper material in a layer-by-layer procedure using a bonding adhesive instead of welding.[8]
In both examples, a cutter is used to create the contour of each layer.
Directed energy deposition is an AM process in which focused thermal energy is used to
fuse materials by melting as they are being deposited (ISO/ASTM 52900, 2015). Directed energy
deposition systems use a nozzle (or multiple nozzles) mounted on a multi-axis motion system,
where a melt pool is created at the substrate by an laser or electron beam and a powder or wire
model material is introduced, where it then solidifies. The material is melted upon deposition with
an electron or laser beam This deposition process resembles material extrusion AM, only that in
DED the nozzle is mounted on robots that have multiple degrees of freedom and is not fixed to a
specific axis. The process can be used with polymers, and ceramics but is typically used with
metals, in the form of either powder or wire feedstock [9].
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Material jetting is an AM process where droplets of materials are selectively deposited
(ISO/ASTM 52900, 2015). Similar to vat photopolymerization, liquid polymer is cured by
ultraviolet light to harden it, in contrast to vat photopolymerization and similar to binder jetting,
droplets of materials are selectively dispensed through a jetting nozzle with hundreds of orifices.
PolyJet and inkjet are variations of this process. In PolyJet it is possible to create features with
microscopic layer resolution of 0.014mm. Not only this but new systems by Stratasys can print up
to 500,000 types of colored materials and different kinds of textures. This allows prototyping to
be of extreme accuracy and realism. One disadvantage of this process is that parts can continue to
cure and degrade over time if exposed to ultraviolet rays from the sun, for example.

Table 1 AM categories, materials, and application examples
Figure 4: 3D printed CubeSat module produced by using FDM, CNC and DP technologies
[13]Table 1 AM categories, materials, and application examples
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2.1.2 Material Extrusion
Material extrusion, also known by its trademark name Fused Deposition Modelling (FDM)
as given by Stratasys Inc., is another process category within additive manufacturing. The most
common use of this process category is for the deposition of plastics in which a moving gantry
system with a heated element and a deposition nozzle is responsible for heating and extruding the
thermoplastic material. Material is deposited in a predetermined raster pattern which represents
the geometry of a single cross-section. The nozzle traverses back and forth in the XY plane until
a single layer is complete, then the build platform moves down one layer in the z-axis and the cycle
repeats itself. During the printing process, initially the plastic is at a solid-state and close to room
temperature, the material then travels through the extrusion head where a heated block transfers
thermal energy to the polymer. The addition of this energy induces a transition in thermoplastics
from a glassy state into a viscous or rubbery state, the temperature range at which this happens is
represented by the glass transition temperature (Tg). Tg is described as the temperature at which
30-50 carbon chains start to move [5]. In the glassy state, the polymeric chains have limited energy
available to move around kinetically. During the application of heat, polymer chains gain thermal
energy, which is absorbed and converted to kinetic motion within the molecules and the plastic
begins to expand. As the molecular chains continue to receive more energy, at some point, they
gain sufficient energy to move around freely in the form of a viscous fluid [5] allowing the material
to change state from glassy to a viscous or rubbery state. Upon cooling the materials hardens to
retain their shape. It is important to point out glass transition temperature is a property of the
material, and it varies within different polymers. In general, plastic materials with flexible
properties show lower Tg, whereas materials whose molecular structure is rigid show a higher Tg
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[6]. Crystalline materials see a sharp increase in specific volume at melting temperature whereas
amorphous polymers do not (fig. 1).

Figure 1: Specific volume (cm3 /g) vs temperature (C °) plot for crystalline and amorphous
polymers
Polymers depict different structures or morphologies and, based on this are classified into different
categories. Crystalline materials exhibit defined and repeatable structures. Crystallinity refers to
the degree of structural order and regularity in molecular arrangements of a material (fig. 2). The
degree of crystallinity has a significant influence on material properties such as hardness, density,
melting point, transparency, and diffusion [6]. On the contrary, amorphous materials do not show
a defined structure or geometrical shape in their structure. Instead, they reflect random patterns.
Generally, amorphous materials tend to be brittle, clear, and stiff with tangled molecular chains
[6]. In contrast, the shape of several polymers is semicrystalline in which materials show both
regions with high degree of order and sections without it.
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Figure 2: Polymeric structure
In this research, the use of thermoplastics is explored. These are materials that become viscous and
flowable when hot and solidify when cooled. Examples of thermoplastics include polycarbonate,
PVC, Teflon, nylon, etc. Thermoplastics can be remelted and reused multiple times. In contrast,
thermosets are materials that retain their form after curing. This is due to spatial crosslinking which
is the process of chemically joining two or more molecules by a covalent bond. [10]. Once cooled,
their polymers can no longer be dissolved. This property makes thermosets ideal for use in
electrical installations due to their mechanical and chemical resistance, even at high temperatures.
Popular thermosets include synthetic resins (such as epoxy resins), polyurethane resins used for
paint and coatings, and polyester (a commonly used fabric). Lastly, elastomers typically exhibit
low young’s modulus and high yield strength. These types of polymers can deform or stretch under
extreme tensile and compressive loads and then return to their original shape. Examples of
elastomers include rubber and silicone. This type of polymer is popular as a material for tires,
rubber bands, baby pacifiers, belts, prosthetics, and other items of this nature [11]. Scientists and
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researchers take advantage of these different characteristics of polymers to create materials and
composites with different characteristics for specific applications. The availability of materials
with different properties makes material extrusion one of the most widely adopted and used
process categories within additive manufacturing. Feedstock materials can be found in the form of
filaments or pallets depending on the machine feedstock. Material extrusion systems can be found
in different configurations. Closed build envelope or open build envelope, conveyor belt bed, glass
bed, magnetic bed or plastic bed, etc. Each configuration offers different advantages and
challenges. For instance, a plastic sheet bed (usually found in industrial systems) offers great
stability when building. However, they cannot be reused meaning these are consumables that
require a regular investment (depending on use) and operate under a vacuum system to stay in
place which increases the use of external tooling such as compressors also increasing the
complexity of system operation. In contrast, magnetic or glass beds are typically found in
consumer-oriented printers. To obtain accuracy, these need to be leveled often and, depending on
the stiffness and quality of the springs used this can become a tedious task. Conveyor belts have
also been introduced in consumer printers offering a theoretical infinitely long y-axis. Extrusion
systems can be found on large scales as well. One of the biggest material extrusion system was
developed at Oak Ridge National Labs and manufactured by Cincinnati. It offers a build volume
of 6.1m (20ft) x 2.44m (8ft) x 1.83m (6ft) tall with build depositions of up to 45.4 kg/hr (100
lbs/hr) and beads of ¾ inches whereas typical build volumes are on the magnitude of 14 x 10 x 10
inch and raster beads in the range of 0.1 inches. The relative simplicity of the mechanism behind
material extrusion processes allows developers to scale the process.
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2.2 HYBRID MANUFACTURING AND INTEGRATED FUNCTIONALITY.
Although not explicitly defined by ASTM, hybrid manufacturing is often used to describe
a process in which multiple manufacturing technologies are combined. This can be used to
manufacture components with integrated functionality such as circuitry or embedded mechanisms.
Although this increases the complexity of the system, the
end parts can be of superior quality and use. The use of
direct printing (DP) of conductive inks onto 3D
fabricated prototypes was explored by Medina et al.
2009. The research described a novel approach for the
fabrication of stiff conformal structures with integrated
functionality. SLA was used to fabricate a helmet insert
(fig. 3) in which an accelerometer with a microprocessor
and

antenna

were

Figure 5: Multi-material
stereolithography (MMSL)
[16]Figure 3: Helmet insert with
accelerometer [14]

embedded suited for
bio-medical
[14].

Figure 3: Helmet insert with
accelerometer [14]

devices

Espalin et al.

2014 made use of two
FDM systems to print
ULTEM

9085

CubeSat modules (fig.
4). The FDM systems
were
sliding

coupled

with

Figure 4: 3D printed CubeSat module produced by
using FDM, CNC and DP technologies
[13]

platforms
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which allowed not only multi-material printing, but also the transfer of parts between different
manufacturing stations. Between the FDM systems, a CNC was used fitted with ink dispensing
and micromachining tools. Pockets for electronic components were machined along with traces in
which conductive materials were deposited. It was found conductive inks had higher resistivity
and resistance when compared to the benchmark or embedded wires [13]. In this paper, the
researchers also demonstrated the automation of embedded copper wire in polycarbonate
substrates. The embedding of different wire gauges (28, 32, and 40 AWG) and in different
materials (polycarbonate and ULTEM 9085) was also explored. Copper wires were ultrasonically
embedded in a 3D printed polycarbonate part to create an antenna pattern. The electrical properties
of the semiconductor were not diminished and the process proved to be a successful proof-ofconcept. This proves direct printing of conductive is not ideal since conductive inks are brittle and
can crack easily when subjected to fatigue loading or vibrations. Cracks in the trace would result
in an increase in resistivity and would reduce the useful life of the circuitry as found by the
researchers. One should also consider the manufacturing process used to build and print the traces
of conductive channels. SLA can accurately print channels for wires or inks to be dispensed;
however, SLA uses photoreactive materials which are photosensitive even after printing. Exposure
to sun or UV light can cause the polymer to react and deform even after curing of the resin.
Depending on the material, material extrusion builds can be highly durable, and stiff; however,
there are limitations regarding the dimensional accuracy of small features such as channels or slots
where electronic components or leads are to be placed. Still, material extrusion has been
successfully used in the past as a substrate for the embedding of semi-conductors. Shemelya et al.
2015 explored the embedding of fine-pitch copper mesh and embedded copper wire capacitive
sensors within a 3D printed structure. The printed package featured Zener diode, resistors, LEDs
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a copper mesh sensor, and electrical interconnections. This research showcased the electronic
functionality in a fully encapsulated environment as well as capacitive sensor operation within
multiple 3D printed materials. The use of
multi-material

3D

printing

in

stereolithography (SL) was explored by
Wicker et al. 2012. In this paper, the
researchers developed multiple material
and multiple technology SL systems
capable
Figure 5: Multi-material stereolithography
(MMSL) [16]

material

of

manufacturing

structures

(fig.

multiple
5)

with

mechanical, electrical and biochemical
functionality. The use of manual and
automatic vat-exchange systems allowed the researchers to stop the print and switch between
materials. Multi-lumen samples were fabricated using multiple colors of different fluorescent
material particles. Figure 5 illustrates the placement of different materials within and across layers.
The multi-material concept was extended to include the insertion of electronic components and
sensors within SL structures during fabrication [14]. Coronel et al 2017 presented a series of case
studies in which the feasibility of the Multi3D hybrid manufacturing system was presented. The
use of pneumatics and custom g-code allowed the researchers to develop tooling for precision
pick-and-place of components. Building of a missile seeker was demonstrated by pausing the FDM
system and inserting foreign objects into the pre-designed cavities. A novel approach to building
a satellite antenna with embedded wires was also explored. This demonstrated the possibility of
embedding electrically continuous wires between planes at different heights. Lastly, the use of
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subtractive methods was demonstrated as a means to eliminate the stepping effect caused by
layering in material extrusion parts. This resulted in a decrease of surface roughness of ~87.2%

for this experiment [12]. In this research, components with embedded conductors were built using
the Foundry Multi3D system and similar sequence as the one shown in Figure 6. The process
undergoes
Figure 6: Foundry Multi3D process sequence
The Foundry Multi3D makes use of a six-axis robot to transfer the build plate within each station
including two FDM machines and a CNC router. The system was programmed with LabVIEW
allowing it to operate automatically. The use of subtractive, additive, pick-and-place, wire
embedding, and laser soldering make this approach suitable for the construction of components
with integrated functionality. When building electronically functional structures the use of wires
or conductive traces must be coupled with electronic components. Active or passive components
must be interconnected and soldered to successfully complete the circuit. Therefore, the use of
solder reflow techniques must be implemented. It is very common to see the use of convection
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ovens in the industry when manufacturing large batches of printed circuit boards. Other techniques
such as the use of laser soldering methods have been implemented as an alternative to the
conventional methods. Emerson et al. explored this
technique which allowed the local heating of solder
joints in wire to component junctions [16]. Here, the
researchers built and tested circuits with embedded
resistors and capacitors in parallel and series
configurations via hybrid manufacturing. Substrates
Figure 7: Laser soldering of resistor in
3D printed substrate [16]

were printed using PC and then transferred (via robotic
arm) to a CNC gantry where an 808 nm laser was
mounted and used to reflow the solder paste. This
laser soldering technique (fig. 7) is advantageous since
only a section of the substrate is exposed to thermal

flux and regions which can be susceptible to thermal damage are not lased. However, laser
targeting systems require accurate positioning when activated to avoid damaging marginal regions
to the solder connection. Another advantage of laser soldering techniques is the accelerated reflow
time associated with this process, compared to a typical oven in which parts travel through different
chambers, each with different environmental settings.
Keating et al. 2012 proposed a novel approach for hybrid manufacturing via 6-axis robot
fabrication. The robotic arm was repurposed as an integrated 3D printing, milling, and sculpting
platform designed to shift between fabrication modes by changing end effectors [30]. To enable
various functionalities, three special print heads and two different milling effectors were utilized.
The printheads were built for three distinctive 3D printing systems covering different scales and
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materials. The first print head was capable of
printing ABS plastics and the extruder was
based on a MakerBot MK6 extruder. The second
head was designed to support the prospect of a
direct recycling 3D printer using an auger to feed
high-density

polyethylene

HDPE

particles

shredded from used milk containers. The third
print head consisted of spray type tool capable
of forming objects out of urethane foam. For
subtractive fabrication, two different milling
Figure 8: Robot transfers printed
workpiece from print head station
(top) to milling location (bottom) [30]

effectors were utilized, a rotary tool (Dremel
400) and a larger router for high volume cuts. In
addition to the switching of end effectors, the
investigators used fixed tool mounts to hold the
effectors where the robot now served the
purpose

of

manipulating

the

workpiece

throughout the different stations (fig. 8). By blending AM and subtractive methods, the benefits
of AM (internal features, material usage), were coupled with the advantages of subtractive
manufacturing (high precision, faster speeds, better surface finishes).
Bhatt et al. 2020 developed a multi-robot approach that allowed the researchers to build
accurate thin shell (fig 9.) parts using supportless extrusion-based additive manufacturing [31]. An
0.8 mm extruder nozzle was attached to a 3-axis robot while another 3-axis robot manipulated the
build plate (fig. 9). The extruder tool path generation works normally when the plate is not rotated,
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and when the build plate is moved the extruder location’s Cartesian values are multiplied with the
rotation matrix of the build plate. A collision detection module approximates the build plate and
the extruder as a collection of spheres, and if the distance between any of the spheres is less than
the sum of the radii of the spheres, the waypoint generation is halted [32]. The study then compared
this system with “regular” 3-D printers to print thin shells. To test part accuracy, the study
compared scans of the built part to the tessellated CAD model and found that the setup had an
average

accuracy

of

0.222

mm

with

a

max

error

of

0.558

mm.

Figure 9: Degrees of freedom of ABB robots with extrusion
and platform effectors, and supportless toolpaths of thin
shell [31]

Moetazedian et al. 2021 demonstrated a hybrid approach in which material extrusion
manufacturing was combined with chemical treatment by immersion. The study showed how
mechanical and geometrical properties of polylactide (PLA), and acrylonitrile butadiene styrene
(ABS) were selectively tailored by selective chemical treatment. The researchers showed the
application of the chemical treatment by immersing the specimens enabling predictable evolution
of mechanical properties. The desired properties such as strength, strain-at-fracture, and toughness
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were attained by selectively modifying the exposure and drying times. This technique also enabled
selective and localized control of these properties something not possible with conventional vaporbased treatment techniques.
2.3

ENGINEERING SIMULATION
The use of simulation software provides engineers the ability to predict the response of parts

and components under physical loads. Nowadays most CAD packages offer users the possibility
of running static structural studies, thermal analyses, and acoustic studies depending on the
software used. By recreating real-world scenarios using simulation software, designers can
develop products more efficiently and in a shorter time frame. The quality of the results of
simulation software depends on the appropriate definition of boundary conditions representing the
physical software and on the resolution and quality of the mesh used to represent the component.
Simulations results are also approximations and do not represent the exact results. Simulation
models are also simplified and cannot represent the full anisotropic condition of FDM-built
materials. Because of this, simulation studies must be coupled with analytical calculations
representing the governing equations of the phenomena and should not be taken to be 100% true.
Depending on the complexity of the set-up and hardware used, simulations can take long times to
compute and produce results.
Simulation software used in this research is based on the finite element method (FEM)
which is a numerical analysis for solving partial differential equations (PDE) in more than one
space variable. PDEs are used to express governing equations of the laws of physics for space and
time-dependent variables. Conservation laws such as the conservation of energy, conservation of
momentum, and conservation of mass can all be expressed as partial differential equations [18].
Relations can be used to express these laws in terms of variables like temperature, density, velocity,
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reaction forces, and other dependent variables. Differential equations denote a change in a
dependent variable with respect to change in an independent variable like cartesian position or
time. The solving of these equations analytically can take up a lot of time or might be impossible
to solve. Instead, a mathematical model is built based on the governing equations of the simulated
phenomena and solved using computing power. In a typical simulation study, the mathematical
model consists of governing equations and boundary conditions set within a domain. In
engineering analysis, this is also referred to as a boundary value problem [19]. Discretization is
used in the FEM method to simplify the problem to solve. Since determining unknown functions
is hard but determining finite numbers or values at selected points or nodes, is not as difficult when
discretization is applied. Meshing refers to the division of the domain into piecewise polynomials
which are called elements. The elements are interconnected via nodes. Interpolation can then be
used to calculate variables at different regions of the mesh. To do this, the PDEs are decomposed
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into a system of algebraic equations often referred to as the stiffness matrix. Discretization methods
approximate the PDEs with numerical model equations which can be solved using numerical
methods such as the FEM.
Billah et al. 2018 developed a thermal simulation set-up in which polycarbonate coupons
with embedded ultrasonic wire were thermally characterized. Parts containing one, two, and three
ultrasonically embedded wires were constructed via hybrid manufacturing. Simulation analysis
was carried out to understand the temperature relationship of embedded current-carrying copper
wire on the surrounding material (fig. 10). Through experimentation, it was determined that the
presence of porosity within the PC substrate had an effect on the heat transferred from the
embedded wire to the external surface of the plastic. This was quantified in the case for example
of the three-wire coupons where substrate temperature increased from 56°C to 71°C after reducing
porosity by heat treatment [20]. In another work, Kothwale et al. 2013 developed a simulation to
analyze a MacPherson-type suspension system using Ansys software. Various dynamic loads
simulating road bumps, braking,
cornering, and acceleration were
applied as part of a non-linear
static study.

A test rig was

designed

reproduce

to

the

phenomena and collect physical
data. Patil et al 2013 developed
an analytical and experimental

Figure 10: Temperature contour plot
of three wire coupon [25]

simulation of a wishbone arm of
an

independent

suspension
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system. This type of structure has a letter “A” type shape at the bottom known as “wishbone”
shape which carries most of the load-bearing capacities [21]. For this work, carbon fiber (CF)
control

arms

were

compared

to

steel

counterparts. It was found the carbon fiber
suspension arms meet the same requirements as
the steel ones they replace while the weight of
the component by 27%. Metha et al 2017
explored the contact stress on composite spur
Figure 11: Von-misses contact stress
distribution of steel spur gears [22]

gears using static structural Ansys simulation.
Contact stress (fig. 11) and strain are key
parameters in the mating of drive and driven
gears. Silicon nitride gears were found to yield

better results (stress and reduced strain and strain energy) with respect to conventional steel [22].
Silicon Nitride manufactured gears also experience fewer deformations, contributing to greater
work-life.
2.4

MECHANICAL TESTING

Given the growing interest in material extrusion 3D printing, the use of polymer and
composite materials has increased and with it the demand for material characterization [23]. This
has been driven greatly by the demand for stronger, lighter-weight materials in industries such as
aerospace, power generation, and transportation. Standardization of testing procedures is necessary
to perform mechanical testing and characterization on a uniform and consistent basis. These
represent directions and instructions for the criteria needed for a specific test, product, process, or
procedure. When adhered to, standards allow for test results to be repeatable and reproducible
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across organizations and institutions. ASTM International, formerly known as the American
Society for Testing and Materials, is an international standards organization that develops and
publishes voluntary consensus technical standards for
a wide range of materials, products, systems, and
services [24]. This ensured the documentation
established is safe, of good quality, and reliable. ISO
is an international organization that has representations
from countries around the world including ASTM. ISO
establishes documents and updates the standards of
Figure 12: CF embedding on PC
using ultrasonic energy [27]
Figure 12: CF embedding on PC

testing materials with global consensus from the
experts of the associated national organizations as

well. Standards for compression tests, fatigue analysis, tensile testing, shear, and thermal analysis
are provided by both ISO and ASTM organizations. Özsoy et al. 2019 performed stress analysis
on PLA printed specimens in a tensile setting. Results were compared to an isotropic model of a
material simulating specimens. The effect of raster angle of 45°/-45° and 90°/0° bead pattern was
analyzed with respect to tensile stress. The analysis revealed the 3D printed parts indeed yield at a
lower load than their comparable isotropic counterparts [26]. Jahangir et al. employed an approach
to reduce porosity and improve layer adhesion by reinforcing 3D printed polycarbonate parts with
continuous carbon fiber bundles. The test specimen was based on ASTM D638 type I parts where
the build process was interrupted to manually place and ultrasonically embed the carbon fiber
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bundles (fig. 12). It was found the reinforcement of printed PC with three bundles of CF showed
a 77% increase in tensile yield strength compared
to neat, printed PC [27]. Pull-out testing
concluded that the adhesion between the CF
fabric and PC was strong enough that CF failed
before it could be pulled out from the CF-PC
interface. Baikerikar et al. 2021 compare FEA
simulations of the as-built geometries with the
experimental tests of actual FDM parts. Dogbone
geometries based on ASTM D638 that include
nine different infill patterns were tested under
tensile loading and later simulated using FEA.

Figure 13: Summary of errors
between FEA and
experimental results [28]

Researchers used two FEA solvers: ANSYS and
Abaqus. To simulate the tensile tests, a transient structural analysis is conducted on the as-built
CAD models. Four different FEA models were used; each one being more complex than the
previous one to increase the fidelity of the FEA model to the actual experimental data. In the first
model or approach, an isotropic material model called the bulk isotropic model is used for the FEA
solver. In the second approach, to increase the fidelity of FEA, derived properties of the continuous
FDM samples were used, this model was called as a derived isotropic model. To further take into
consideration the anisotropy of FDM parts, an orthotropic material model was also applied. This
approach was known as the orthotropic derived model. The fourth approach uses a composite layup
to define the finite element model and is referred to as the composite lamina model. The data from
this research indicated that there are material anisotropic effects, geometric effects, and
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manufacturing toolpath effects that affect the ultimate material properties of the 3D printed parts
[28]. This study found that FEA results are not always an accurate or reliable means of predicting
FDM part behaviors (fig. 13). Ajoku et al 2005 produced compression test parts out of Nylon-12
using laser sintering and injection molding processes. Parts were constructed based on ISO 604
standard. Components showed differences in the mechanical properties between laser sintered and
injection molded manufacturing techniques. Finite element modeling was used to replicate this
behavior in a static non-linear model and the experimental test results were used to validate the
models. It was found the modulus of the laser-sintered Nylon- 12 was 10% less than that of the
injection-molded Nylon-12 modulus [29]. This difference is a result of the porosity within the laser
sintered part.
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Chapter 3: Materials and methods
3.1 COUPON DESIGN
3.1.1 Test Specimen Development
Initially, rectangular plates with embedded wires were proposed to determine interlaminar
strength of 3D printed polycarbonate constructed via Multi3D system. It was proposed to employ
a three-point mechanical test in accordance with ISO-14130 Fiber-reinforced plastic composites
—Determination of apparent interlaminar shear strength by the short-beam method. However,
due to the high ductility of polycarbonate (PC), it was hypothesized that the 3D printed plates
would not experience interlaminar failure and would only fail due to bending. After a careful
review of the ISO-14130 standard, tests were conducted to determine the mode of failure of the

No signs of
delamination

Figure 14: Initial design showed no sign of delamination
PC plate (see figure 14). Data collected from the three-point bending test determined that this
testing method would not output desired data, and the decision to move towards a different testing
method was made.
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A modified version of ASTM C297 Standard Test Method for Flatwise Tensile Strength of
Sandwich Constructions was then used to determine the interlayer bond strength of the PC
thermoplastic containing embedded wires. This test method consists of subjecting a multilayer
construct (“sandwich”) to a uniaxial tensile force normal to the plane of the “sandwich”. The force
is to be transmitted to the sandwich through thick loading blocks, which are bonded to the
sandwich faces or directly to the core. While the present work desired to use adhesive to bond
plastic specimens to metal test fixtures as ASTM C297 recommends, material shortages and long
lead times on industrial-grade adhesives made such materials unavailable. Therefore, the
specimens were redesigned to interface using a pin connection between the flatwise tensile test
blocks and the sandwich-like specimen. Tensile blocks were designed and machined out of
stainless-steel PH-14 to carry out the test successfully. The test specimens consisted of a 31.75
37.75 mm (1.25’’x 1.25’’) top and bottom blocks with pinholes used to connect with the metal
loading blocks (see figure 2). Between the top and bottom blocks of the test specimen, a narrower
structure with fillets at both ends was used. A pre-designed channel at the mid-plane was used to
embed a 24 AWG bare copper wire of 0.574 mm in diameter. The total circular, cross-sectional
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pin
hole

wire
channel
(24 AWG)

cylinder
section

c)

Figure 15: Tensile testing specimen geometry (all dimensions in mm). a) front view of specimen
with cavity for one wire; b) close-up view of wire cavity; section A-A for test
specimens with one wire (c) iso-view

area available for embedding was 7.297 cm2. It is important to note the design shown in figure 15
was the last iteration of a series of designs. The first iteration of the component had a diameter of
12.7 mm in the midplane, was 54.61 mm in height, and had a longer build time (3hr 28min) due
to the required support between the pin-hole cavities and top squared section. The second iteration
had the same 12.7 mm diameter however, the pinholes were redesigned to leverage the advantages
of additive manufacturing by applying a teardrop-shaped pinhole. This made the geometry selfsupporting, reducing the need for support material in these areas. in build time (1hr 48min). Figure
16 displays two iterations.
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st

nd

1 iteration

2 iteration

Figure 16: design iterations
3.1.2 Slicing Parameters
Groups with different parameters were defined using Insight software (Stratasys, Inc, Eden Prairie,
MN). A “group” comprised a range of layers within the part where specific printing parameters
were defined. Negative air gaps within adjacent rasters along with multiple contours were defined

+45
-45

10 Contours
10 Contours
10 Contours

Multiple contour block section

Wire channel layer

Figure 17: Slicing of pin and channel layer
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at the top and bottom pin interface as a means of increasing bonding strength and density in the
top and bottom pin regions (see fig. 17). It is important to point out there was an inherent porosity
associated with FDM-printed specimens, thus airgaps will always be present within the FDM
process regardless of parameter settings. A zero-air gap does not necessarily mean the component
is

100%

dense

but

is

the

default

parameter

within

the

slicing

software.

Table 2: Slicing parameters

Each test specimen was comprised of 425 layers using 0.254 mm (0.010’’) layer height with T16
tips. See Table 2 for parameter specifications. Figure 18 provides a visual representation of the
selected groups using Insight slicing software.
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Top pin
multiple
contour
area

Pre- programmed
pause layer 227

425
total
layers

Bottom pin
multiple
contour
area

Figure 18: Specimen slicing

3. 2 MANUFACTURING METHODS
3.2.1 Test Specimen Fabrication and Treatments
To build all test specimens in this project, feedstock in the form of filament polycarbonate
(PC 311-10000) was used. UTEP’s Foundry Multi3D developed at the W.M Keck Center was used
to manufacture all test specimens (figure 19).
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ultrasonic wire
embedding tool

micro-dispensing
solder paste pump

FDM printer

laser soldering
assembly

8-slot NI CRIO

Figure 19: Foundry Multi

3D

print platform

six-axis robot

machine (left) and wire embedding (CNC-mounted tool (right)

The system comprises two FDM 400 mc machines developed by Stratasys, a Yaskawa six-axis
robot, and a Techno CNC machine fitted with a wire embedding system (fig. 19). The ultrasonic
system utilized a Dukane IQ 20HB120 power delivery system, 20,000 Hz transducer model 1103122, and a titanium ultrasonic horn. The FDM systems were fitted with sensors and actuators
allowing the operator to transfer the build platform between stations with minimum intervention.
Since FDM builds in a layer-by-layer procedure, from the slicing software, a pause was
programmed at a specific layer of the part, then the six-axis robot approached the FDM machine
to transfer the build platform to the CNC machine by following a sequence of pre-recorded
coordinates. Once at the CNC machine, the wire was manually placed and embedded ultrasonically
in the pre-printed channel of the specimen and finally, the platform was transferred back inside the
FDM system where printing was resumed. Three different treatments, described in the following
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sections, were developed aiming at characterizing the test specimens under different build
conditions.
3.2.1.1 Control
The first treatment is referred to as control specimens. Here, no wire was embedded, and the parts
were never removed from the printer until full fabrication was completed. The specimens were left
in the printer from start to finish without a pause or exposure. In other words, the printing process
was not interrupted at any point during the build. Figure 20 represents the CAD used for neat
specimens. It can be seen the cavity for the wire was excluded.

No cavity present

Figure 20: Control specimen geometry
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3.2.1.2 RT Exposure
The second treatment consists of building the same geometry as that of the first treatment, except
a process interruption took place at layer 227 of the part. The FDM build platform was removed
from the heated build chamber set to 145°C and exposed to ambient temperature of 22°C.
Specimens were exposed for 15 minutes outside of the printer (fig. 21). These specimens are
referred to as room temperature (RT) exposure specimens.

Exposure of parts to
room temperature
Exposure of parts to
room temperature

Figure 21: RT Exposure specimens outside FDM system (2nd treatment)
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3.2.1.3Specimens with 1, 3 and 5 Embedded Wires
The last category of treatments consisted of embedding a 50.8mm-long 24 AWG copper wire at
the midplane of the test specimen. This involves pausing the build job at a specific layer (layer
height 53.848mm) and removing the platform from the heated build chamber set to 145°C and
exposing the printed test specimen to ambient temperature (22°C) during the wire-embedding
process. Within this treatment, three different specimens were built with the number of wires
present as the only variable.

a)

b)

c)

Figure 22: CAD of specimens a) single embedded copper wire, b) three embedded copper wires
and c) five embedded wires

Figure 22 shows specimen geometries for a single embedded wire (referred to as 1W),
there embedded wires (3W) and five embedded wires (5W). After wire was embedded into the
specimens (figure 23), the components were transferred back inside the FDM system where the
build was resumed.
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FDM tip
26-AWG
wire

Ultrasonic embedding
a)

b)

horn

Figure 23: a) Ultrasonic embedding process and b) printing resumes on embedded specimens

3.2.2 Standoff Adjustment Due to Thermomechanical Effects
During the fabrication, process specimens were enclosed in a heated envelope that was
kept at a constant 145°C, and the extrusion nozzle temperature was 348°C. When a pause was
added into the build process, the part was lowered from the nozzle removing the heating of the
liquefier and the extruder tip. Upon removal from the FDM machine, the part experienced exposure
to ambient air at an estimated 23°C. Specimens exposed to this ambient temperature for a
minimum of 15 minutes experienced a significant loss in temperature causing shrinkage in the
part. Using a coefficient of thermal expansion (CTE) analysis it was determined that the part was
in fact shrinking during the embedding process. This was calculated using the CTE of
polycarbonate for the XZ/ZX orientation found in datasheet provided by Stratasys (Stratasys, Eden
Prairie, MN, USA). The equation is a function of the coefficient of thermal expansion which is a
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material property, the height of the specimen and the change in temperature the part experiences
during the embedding process.
Specimens fabricated with this loss of layer height were weak and could not be tested. To
determine the temperature change, a thermocouple was embedded in a specimen with a cavity big
enough to insert a type-E thermocouple. After the thermocouple was inserted, the cavity was sealed
manually using an extrusion pen (fig. 24). This was done to ensure data corresponded to the
internal temperature of the specimen and not of the hot air inside the cavity.

Second pause plane
Type E- thermocouple

First pause plane

Thermocouple cavity

a)

b)

Figure 24: a) CAD used for temperature analysis experiment b) embedded thermocouple
inside FDM system

A Lab-VIEW program was created to collect one data point per second. This was used along with
a data acquisition system (DAQ) developed by NI instruments of model number cRIO 9047 with
a NI-9214 C series temperature input module. Figure 25 shows the equipment used.
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DAQ

NI-9381 multifunction AI module

Figure 25: 8-slot cRIO-9047 DAQ with NI-9214 modules
Two pauses (fig 24.) were pre-programmed when the buildup of the thermocouple specimen was
carried out. First the print paused after building the thermocouple cavity and, at this point the
thermocouple was inserted (without platform removal) and the program began collecting data.
Then the printing was resumed to construct five-wire channels. After the channels were
constructed, the print paused again and at this point the build platform was transferred for wire
embedding. After wires were embedded the platform was placed back on the FDM system and
were left to soak inside the heated envelope. This was done to increase the overall temperature of
the part. The analysis was used to determine the temperature change experienced during the
embedding process. The values found where then used to calculate the change in length
experienced according to the equation ΔL = (CTE) (L0 * ΔT). Where L0 corresponds to the
nominal length of the part, ΔT the change in temperature, CTE the coefficient of thermal expansion
corresponding to polycarbonate and ΔL the change in length experienced during the embedding
process.

This shrinkage corresponding to almost a full layer of shrinkage. A solution to
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compensate for this loss was developed. The platform was raised mechanically by using threaded
inserts. This is represented in figure 26.

Build platform
sits on bolts
Threaded
inserts used to
compensate Z
height

Build platform
sits on bolts
Threaded
bolts

Threaded
inserts used to
compensate Z
height

Threaded
bolts

Figure 26: Z compensation mechanism
Z- compensation was conducted for specimens that were exposed to room temperature before
being returned to the FDM system. Upon fabrication all the specimens were treated to
conditioning. ASTM D618 Standard Practice for Conditioning Plastics for Testing was referenced.
Conditions were as follows: humidity was kept between 40% to 60%, temperature was at a constant
25°C, and total condition time was at least 40 hours. All specimens were conditioned at the same
time.
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3.3 MECHANICAL TESTING
3.3.1 Test fixture development
As mentioned before, part of the objectives of this research was to analyze the impact of
embedding wires with respect to the mechanical properties of the 3D printed specimens. A
modified version of ASTM C297 flatwise tensile test was used. ASTM C297 specifies the use of
a bonding agent to join test specimens and test blocks, the team initially decided to pursue this
approach and designed test fixtures and specimens to be used with a bonding agent (fig. 27). A
bonding station was also constructed to ensure specimens were aligned using v-blocks. However,
due to material shortages and long lead times (+6 months) no strong adhesive was found or used
during the period of this project. Therefore, fixtures were designed and manufactured to allow for
a pin connection between test specimen and test block. Blocks were machined out of stainlesssteel PH-14 while the sandwich-like test specimens were 3D printed using polycarbonate material.
Early version of
coupon to be
used with
adhesive

Pin section (test
block to machine

Pin section
(test
specimen-totest block)

Pin section (test
block to machine

Pin section
(test

Final version of
specimen used
with pinconnections

Bonding
surfaces

Figure 27: a) initial fixture intended to be used with a bonding agent and b) final fixture designed
to be used with pin connections

40

3.3.2 Mechanical Test set-up
The manufactured test blocks were mounted onto an Instron 5866 running Instron’s
Bluehill software (figure 28). A load cell with 10kN capacity (CAT. No: 2525-804) was mounted
and calibrated before testing.
Load extension rate was defined according to the above-mentioned standard at 0.5 mm/min. A
a)

Load
direction

Embedded
wires

Dots used
to measure
strain

Manufactured
test blocks

a)

b)

Figure 28: a) Instron 5866 b) mounted test specimen
video extensometer (model: 2663-821) (Instron Norwood, MA) with an AVE lens of 200 mm was
used to measure strain experienced during the testing. The specimens were marked with 3 mm dots
within a 10 mm gauge to meet requirements of the lens and camera.
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3.4 ENGINEERING SIMULATION
3.4.1 ANSYS Workbench
Ansys Workbench (2021 R2) (Ansys Canonsburg PA) Ansys Inc, 2009 was used to analyze the
stress concentration within the designed specimen. Ansys is a platform used to solve simplified
versions of engineering problems. In this research, the model was created using Fusion 360 and
imported as a .iges file into Ansys Space Claim. A model was created for all treatments delineated
in Section 3.2.1 with the exception of the exposed specimens. It was assumed the embedded copper
wires for treatments 1-Wire, 3-Wire and 5-Wire didn’t bear loads during testing since there is no
chemical bonding between the wire and the substrate therefore, they were excluded from the
simulation analysis. Only the cavities of the above-mentioned treatments were kept in CAD
geometry. Static structural analysis was used to perform the study assuming isotropic material
conditions. Even though FDM produces parts that are anisotropic, simplified versions of
simulations can still serve as vehicles to understand stress concentration within a component.
Anisotropy is the quality of exhibiting properties with different values when measured along axes
in different directions [33].
3.4.2 Material properties
Ansys has an extensive repository for various properties of materials like plastics, ceramics
or metals. Users also have the choice to define new materials and material properties or to modify
existing ones. For this study elastic modulus, tensile at yield and tensile at ultimate stress were
modified to approximate the properties of FDM produced parts in the ZX direction. The properties
were based on Stratasys specification sheet of PC parts built on a 400 mc system and tested using
ASTM D638 [34]. Figure 29 presents the used properties in this study where modified properties
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are encapsulated in red. All other properties were left unchanged in accordance with the already
present polycarbonate material template in Ansys.

Figure 29: Material properties used in simulations

3.4.3 Boundary conditions and meshing
Static structural analysis in Ansys determines the displacements, stresses, strains, and
forces in structures or components caused by loads that do not induce significant inertia and
damping effects [35]. Steady loading and response conditions were assumed; that is, the loads
and the structure's response are assumed to vary slowly with respect to time. Therefore, no
transient-state was defined. To define the loads a simplified model of the physical set-up was
used. In this model, the test blocks, test pins and embedded wires were excluded, and the

43

boundary conditions were only applied in the test specimen. Figure 30 presents a comparison of
the actual vs the simplified set-up. Loads were defined at the faces inside of the teardrop-shaped
pinholes. A magnitude of 6500 N was used since this was the average load needed to fracture the
neat specimens. Since the mechanical test consisted of a single uniaxial load, only the Z
component of the force was kept with no load in the x or y directions.

6500 N

Z

Fixed

X

Figure 30: Actual vs simplified mechanical set-up
The bottom cavity was defined as a fixed region within the structure. Both conditions were
applied to all four analyses to study the impact of having geometries with a different number of
cavities in relation to the stress concentration.
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3.5 ELECTRICAL TESTING
3.5.1 Electrical Set-up
A BK Precision 9115 power supply was employed to supply voltage and current to the wire
embedded within the test specimen. LabVIEW programming software was used to control and
display the power supplied during mechanical testing. Connectors were soldered to both wire
terminals to link with the power supply (fig. 31). This type of test was only carried out on the
samples containing wires. Using Ohm’s law, the voltage required was calculated based on a 10ohm resistor and a 0.10A current. Thus, 1V was used to power the system.
Copper
wire
Specimen

Sets voltage
Specimen

Sets voltage
10-ohm
resistor

Connectors

PC
LabVIE
US

+ -

BK Precision 9115
Power Supply
BK Precision 9115
Figure 31: Electrical test set-up
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Chapter 4: Results
4.1 MECHANICAL TESTING
The exposure time the embedded specimens experienced depended on the time to transfer
the platform between workstations and the number of wires to be embedded. Table 3 presents the
elapsed time for each process step.
Table 3: Elapsed times reported in minutes: seconds
Transfer Sequence
FDM to CNC transfer
ambient exposure and embedding
ambient exposure, no embedding
CNC to FDM transfer
total time

control
0
0
0
0

exposed
0
0
15
0

Treatment
1-wire
1:30
11:54
0
1:38

0

15

15:02

3-wire
1:30
20:51
0
1:38

5-wire
1:30
28:59
0
1:38

23:59

31:27

The transfer
time
within workstations (FDM-CNC) was the same for all groups with wires,
Table
3: Elapsed
times
Treatment
reported in minutes: seconds
theTransfer
only variable
here is the quantitycontrol
of embedded
copper traces.
was a relationship
Sequence
exposed
1-wire There3-wire
5-wire between
FDM to CNC transfer

0

0

1:30

1:30

1:30

ambient exposure, no embedding

0

15

0

0

0

total time

0

15

15:02

23:59

31:27

theambient
number
of wires
the “ambient0 exposure and
time
since as more
exposure
and and
embedding
0 embedding”
11:54
20:51
28:59 wires were
introduced,
the embedding duration took
longer and
therefore
the overall
exposure1:38
time increased.
CNC to FDM transfer
0
0
1:38
1:38
In order to understand the thermal history the parts underwent, the change in temperature was
analyzed (using an embedded thermocouple) during the ultrasonic embedding process and the
transportation of the components to the workstations. For the transfer sequence of FDM to CNC,
the part was observed to change in temperature from 134 °C to 66 °C at a rate of approximately
0.20 °C/s (figure 32). During the ultrasonic embedding process of five wires, more loss in thermal
energy was observed from 58 °C to 52 °C at a rate of ~0.02 °C/s. This change in temperature is
attributed to natural convection with the environment which was at T = 23 °C and to conduction
to the titanium ultrasonic horn which acted as a heat zinc, as well as the embedded copper traces
which were also at room temperature when embedding occurred.
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On the other hand, the

temperature decay rate (compared to when the part was on transportation) was decreased because
the ultrasonic wire embedding process generated heat at the embedding plane due to the high
frequency vibration creating friction which was recorded by the nearby thermocouple.
Additionally, the cooling rate during wire embedding was also lower because according to
Newton’s law of cooling, the rate of heat loss is directly proportional to the difference between the
part and the ambient. During the embedding, the temperature difference was only 25 °C, whereas
the difference was 109 °C during the first five minutes after the part was first extracted from the
FDM machine

Figure 32: Temperature profile embedding process

To characterize the mechanical properties of each specimen, a stress-strain curve for each
treatment is shown in 33a , the specimens displayed a linear stress-strain behavior, this was true
throughout all groups. One of the affected properties was toughness which corresponds to the area
under the curve of a stress-strain diagram. The property was affected just by pausing the printing
process and exposing the part to ambient temperature. Further reductions in toughness were

47

observed with the addition of copper wires via ultrasonic embedding. When analyzing the stress
strain curve of the control or neat specimens (using the same orientation and material), it can be
seen the plastic deformation is absent.

a)

b)

d)

c)

Figure 33: Tensile testing results for each treatment. a) representative stress-strain curves, b)
average ultimate tensile stress (UTS), c) average strain at break, and d) average
elastic modulus. Each bar represents the average of at least five data points, and
error bars represent ± one standard deviation. ⁕ denotes p < α, thus there was a
statistical difference in means, ⁕⁕ denotes p > α, thus difference between means
was not statistically significant.
An analysis of variance (ANOVA) test was conducted for all five treatments and the four
responses, after testing for normality and equal variances. As observed in Figure 33, the exposed
and control samples showed statistically different results than the embedded wires group, for the
mechanical properties corresponding to Strain, UTS, and Elastic modulus. The control group
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showed (as seen in 34b) an average of 49 MPa for UTS. This group was the strongest, since it was
not removed from the printer, so the build process was not interrupted and also the geometry did
not include a cavity or wire at the mid-plane. The exposed group saw a 16% decrease in average
UTS when compared to the control group. Since the exposed group did not contain wires or stress
concentration features, the decrease in average UTS can be attributed to the build interruption
process and the room temperature exposure which lasted 15 minutes. During this period of time,
the three heat sources present within the envelope were removed: the heated convective
environment from the fans circulating hot air, radiation coming from the liquefier, and heat
conducted from via deposited extruded material at 345 °C.
Further reductions in UTS were characteristic of the groups containing embedded wires.
Among the three groups, the sample with the five embedded wires displayed the lower UTS and
Strain. This reduction was in the order of 55% for UTS specifically when comparing the control
and 1-wire groups. Embedded treatments containing one and three wires were statistically similar
with an average of 22 and 20 MPa, respectively this result was also corroborated by the FEA
analysis described in later sections. The 5-wire sample saw the largest decrease in strength with
an average of 13 MPa. This is caused by the increased number of cavities where stress
concentrators regions are present and to the increased time spent outside the heated printing
environment. A similar trend can be seen in Error! Reference source not found.33c where a
significant drop in strain at break occurs in the 5-wire group. Just as in Error! Reference source
not found., the 1-wire and 3-wire groups displayed statistically similar data. When comparing the
elastic modulus it can be seen, the control and exposed group were statistically similar and
treatments containing embedded wires were statistically similar. When comparing exposed and
groups containing wires, two possible reasons can be attributed to the increase in modulus: first
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the inclusion of a secondary material (copper), and second the local densification of polycarbonate
as a result of the ultrasonic wire embedding process.
Analytical calculations were carried out based solely on reduction area. Stress was found using
force over change in area equations, since it was important to calculate an expected increase in
strength along the mid plane based on area reduction. The load used for this analysis corresponds
to the load used in all simulation studies and the average load at break of the control group.
Based on the inclusion of one, three, and five wire cavities the total area was calculated (figure
34).

A = 126.67 mm
σ=

2

2

A = 120.87 mm

6500
126.67 mm

σ=

2

σ = 51.31

6500
120.87 mm

2

σ = 53.77

a)

b)

2

A = 110.9 mm

σ=

A = 99 mm

2

σ=

6500
110.9 mm

2

σ = 58.661

6500
99 mm

2

σ = 65.65

c)

d)

Figure 34: Calculations of expected stress at mid-plane based on total reduction of area for a)
control specimen b) 1-wire specimen c) 3-wire specimen, and d) 5-wire
specimen.
According to this plot, the inclusion of one cavity compared to none, has an increase in stress on
this plane of 4%. Further increasing the number of cavities to three increases the expected stress
to increase by 8% from 53 MPa to 58 MPa. Lastly it can be seen that increasing to five wire
50

cavities, a jump of 9% on expected stress occurs from 58 MPa to 65 MPa. This increase in stress
in inversely proportional to the loss in strength shown in figure 33. The fact the magnitudes differ,
point at the fact that process interruptions and exposure time have a detrimental effect on the
mechanical properties of the specimen.
4.2 STRUCTURAL SIMULATION
Meshing is one of the most important steps when recreating accurate results in an FEA
study. A mesh is made up of three-dimensional elements connected by nodes that represent the
shape of the geometry. There are two main types of elements in ANSYS, tetrahedral and
hexahedral. The main difference is the number of nodes in each geometry. Generally, the use of
hexahedron elements results in more accurate results. A high-fidelity region with hex elements
was defined at the mid-section (fig 36) of the specimen using edge sizing and multizone. Edge
sizing defines the number of divisions within the edge of a body. Bodies with defined edges are
shown in figure 35. To do this, the specimen was split into multiple bodies using CAD software.
Other mesh strategies such as contact sizing or inflation can be defined however, given the
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constraints of the educational license on the number of elements and nodes for the ANSYS
software, only edge sizing and multizone were defined.
The Multizone mesh method provides automatic decomposition of geometry into mapped
(structured/sweepable) regions and free (unstructured) regions. It automatically generates a pure
hexahedral mesh where possible and then fills the more difficult to capture regions with

Figure 35: Lines in green represent edges where “edge sizing” function was used
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unstructured mesh [36]. A resolution of 3 was used in all studies.

Top view

Multi-zone
region

Front view

Figure 36: Meshed five wire specimen, top and front view of high-fidelity region with
hexahedral meshing

Contour plots (figure 37) were created at the mid-plane of each part, and the maximum principal
stress was plotted. These components of stress represent the maximum possible magnitude of
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tensile and compressive stress at the particular point under consideration. The analysis identified
stress concentration areas at the edges of the channels for the specimens with pre-printed cavities.
There was a marked increase in stress concentration when comparing the neat specimen to the 1wire specimen. Further increases in maximum stress were noted when increasing the number of
wires, although at smaller magnitudes when compared to the stress increase from neat to 1-wire
specimen. Stress concentration at the periphery of the wire cavity is indicative of premature failure
and caused reductions in strength.

a)

b)

c)

d)

Figure 37: Principal stresses at wire embedding channel (bottom plane) a) control specimen
b) 1-wire specimen c) 3-wire specimen, and d) 5-wire specimen.
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Vector principal plots are shown in figure 38. This type of figure displays a three-dimensional
vector field of the principal stress quantities and the directions in which they occur. Figure 38a
represents the vector field of a specimen without cavities representative of the control group. It
can be seen the direction of the principal vector stresses are uniform and travel along the parallel
direction in which the load is being applied. In this figure, the magnitude of the vectors is similar
as well throughout the circumference of the specimen. As wire cavities are introduced into the
geometry (figure 38 b,c,d), it can be noted that the magnitude of stress concentration increased
along the wall of the copper wire channel cavity. The vectors are no longer uniform in direction or
magnitude along this area. This suggests the walls of the cavities act as paths of maximum load
transfer throughout the body. This hints at a possibility of premature failure based on geometry
change and as a cause for reduction in strength.
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a)

b)

c)

d)
Figure 38: Vector principal plots front view of tensile test specimen a) control specimen b) 1wire specimen c) 3-wire specimen, and d) 5-wire specimen.
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4.2.1 Quarter symmetry model
To validate the results of the simulated 3D model, a quarter symmetry study was created.
The original specimen was sliced (fig 39) along two symmetric planes to define proper boundary
conditions. A symmetry region is used to dimensionally reduce the model base on one or more
symmetry planes. Symmetry conditions can be used when both sides of the symmetry plane are
of the same magnitude and in the same direction.

a)

b)

Figure 39: a) Split geometry of quarter symmetry model control specimen b) symmetry
region boundary condition
Regions A and B shown in figure 39 b) where used to define the quarter symmetry conditions at
the boundaries shown in red. Symmetry region A had symmetry normal to the x-axis whereas
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symmetry region B had a symmetry normal to the y-axis. Just as in the full 3D model, the
geometry was split into multiple bodies at the mid-plane to create a high-fidelity region. Edge
sizing was also used to create a conformal hexahedral mesh along this region. Meshing for this
model can be seen in figure 40.

Tetra
mesh

Top view

Hexa
mesh

Tetra
mesh

Front view

Figure 40: Quarter symmetry model meshing
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The output of this study was quarter plots used to analyze stress concentration and confirm
validity of the simulated results compared to the full model.

a)

b)

c)

d)

Figure 41: Principal stresses at wire embedding channel (bottom plane) quarter symmetry
model a) control specimen b) 1-wire specimen c) 3-wire specimen, and d) 5-wire
specimen.
The magnitude of the results as well as the contour plots are in accordance with the full specimen
simulation. The maximum and minimum locations are also in the same locations, that is close to
the channel edge on the maximum stress concentration, and along the middle of the channel for
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the minimum principal stress label. Having multiple analysis of a similar set up is useful because
it provides fidelity to the studies. Understanding where stress concentration areas are located is
critical in the design stage of any product development. Based on the obtained data, process
improvements can be prescribed and the designed can be improved to perform better under
specific conditions.
4.3 FRACTURE ANALYSIS
From a mechanical characterization perspective, it was important to analyze the fracture
cross-sections of specimens after mechanical testing was conducted. At least one picture was
analyzed out of each specimen group using a Leica MZ 16 (Leica Microsystems GmbH, Wetzlar
Geermany) at 1.6x magnification with a Fostech light source (Schott-Fostec LLC, Mainz
Germany) at 60% intensity. Figure 42 shows failed cross sections of each one of the sample groups.
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a)

b)
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+45, -45 raster beads (single layer)

c)
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Coarse regions

d)

e)

0.5 mm
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Figure 42: Optical microscopy images of fail cross sections of a) control specimen, b)
exposed specimen, c) 1-wire specimen, d) 3-wire specimen and e) 5-wire
specimen
Fracture planes of figure 42 a) and b) display a coarse topology with ridges along their
cross section, this is characteristic of a failure that extended along multiple layers of the specimen,
which leads to conclude there was good adhesion between the deposited layers. This was expected
since both of these groups were the strongest and do not feature any embedded wires or cavities in
the design. In contrast to the exposed and control specimens, the embedded group appears to be
failing at the same plane which is the mid-section of the components where the printing pause and
wire embedding takes place. This is indicative of poor layer adhesion at this plane which is caused
by the change in temperature the part experiences during the embedding process and by the
reduction in surface area caused by the embedding of the copper wires. The embedded wires can
be seen in figure 42 c) and d) without any significant deformation to their surfaces, it can also be
noted no extruded polycarbonate material bonded to the surface of the copper wire. It was
important to characterize whether the embedded copper traces acted as fibers reinforcing the
specimen and if stress was transferred to the wire during the embedding process. Scanning electron
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microscopy (SEM) images were taken using a Phenom ProX (Thermo Fisher Scientific,
Eindhoven, Netherlands) at 640x magnification on specimens mounted with a 1Å layer of gold
particle coating. The SEM image (figure 43) shows that the diameter remained uniform even after
mechanical testing and that the surface quality along the axis of the wire remained unchanged and
does not show any defects like cracks or indents. Based on these observations it was concluded
that the copper wire didn’t bear any loads and stress was not transferred to the embedded trace.
From the SEM image one can also conclude there are no signs of chemical degradations or microoxidation on the embedded wire. This is important since the copper wire experiences significant
thermal loading after the ultrasonic process ends and the specimen is transferred back into the
controlled environment where material extrusion takes place. The convective environment inside
the system is set at 145°C whereas the extruded material is deposited at 345°C on top of the copper
wire.
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PC material

26-AWG copper wire

Figure 43: Scanning electron microscopy of specimen with embedded copper wires on PC
substrate
Lastly, images of the embedded wire were taken from the front plane of the specimen, to analyze
how the embedded copper wire interfaced within the pre-printed cavity after the ultrasonic
embedding process. In figure 44 it can be seen, the wire does not sit fully within the channel, an
air gap of about 1.5 layers or 0.376 mm exists within the bottom plane of the channel cavity and
the copper wire. This is one explanation as to why there is weak bonding between the embedded
channel and the polycarbonate material.
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3-layer deep
channel
0.762mm

Figure 44: Optical microscopy image of embedded wire within a 0.762 deep channel (front
view)
Air gaps within the specimen can also act as regions of stress concentrations when subjected to
loading which can also have a detrimental effect on the part performance. A decrease in channel
depth or a change in the ultrasonic embedding parameters can be prescribed to reduce the present
air gaps and to shape the bottom of the channel to better accommodate for the circularity of the
copper trace. It is important to point out the intent of embedding copper traces was not to transfer
loads unto them. Having the PC material surrounding the copper wire absorb all of the load is and
advantage since if an electronic circuit is embedded, no load transfer will occur to the electronic
components and therefore the circuit will not fail prematurely under mechanical loading.
4.4 ELECTRICAL ANALYSIS
Electrical testing resulted in an un-noticeable change in both voltage (figure 45) and current
(figure 46). Small fluctuations in voltage were recorded while testing specimen 2 but it was
determined this was an effect of noise. Overall, no changes were recorded in voltage and current
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during mechanical testing. The following graphs present the actual voltage and current values and
not the “set” magnitude. These results were expected since no shear or normal loads were acting
directly on the wire. Instead, the tensile force is acting on the material surrounding the wire.
Since there is no chemical or adhesive bond between the thermoplastic material and wire rather,
the latter sits and is press-fitted on a pre-designed channel within the sample.
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Figure 46: Current vs time

Figure 45: Voltage vs time

4.5 DISCUSSION
From the collected data it can be seen that by interrupting the FDM manufacturing process
a change in mechanical properties of the polycarbonate tensile specimen is expected. This can be
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seen when comparing the neat specimen to the control group. A drop of 16% of the total ultimate
tensile stress is a result of a 15-minute exposure at room temperature. After including channel
cavities and ultrasonically embedding copper traces, a drop of 49% in the properties can be seen
when comparing the exposed specimen with a UTS of 41 MPa against the group containing one
wire with a UTS of 21 MPa. When the simulation analysis was carried out, a similar trend could
be noted. The maximum principal stress for the simulation of the control group experienced at the
plane corresponding to the bottom of the wire cavity is in the order of 53 MPa whereas the analysis
for the specimen containing one wire yields a stress concentration of 103 MPa along the same
embedding plane. This corresponds to an increase in stress concentration of 49% from one
specimen to the other. Further increasing the number of wires to three results in a UTS of 20 MPa
compared to the specimen with a single cavity which displays a UTS of 21 MPa corresponding to
a drop percentage of 4.7%. This trend also holds in the simulation where the maximum stress
experienced increases from 103 MPa for the 1-W specimen to 108 MPa of the 3-W specimen. This
increase corresponds to an increase in stress concentration of 4.6% along the embedding plane.
However, an unexpected drop in properties can be seen when comparing the data of the 5-W
specimen. The magnitude of the stress at break of this group corresponds to 12 MPa, compared to
the 3-W group a UTS of 20 MPa corresponds to a 40% drop in properties. This large discrepancy
hints at the fact that in this group, geometry is no longer the reason why the change in properties
occur. Instead, the exposure time and with this the change in temperature is the cause of this large
drop. Given that this group experienced the largest exposure time at room temperature during the
embedding process (31:27 min) the temperature of the components decreased significantly. When
transferred back into the FDM systems the parts were not allowed to heat up enough causing poor
adhesion between the before and after pause layers. The failure location for all these specimens
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was also in the pause plane hinting again at the weak bonding between the two. The type of
analysis in helpful in determining a possible effect when changing or adding features to a specific
geometry. In this case it was found that the percent increase in stress concentration obtained in the
simulation results, was inversely proportional to the decrease in properties when comparing the
control against the 1-W group and the 1-W sample against the 3-W group. Based on the SEM
images, chemical bonding methods can algo be explored in order to create a stronger bond between
the embedded copper wire and the PC substrate. It must be kept in mind that whichever formula
is explored to increase adhesion between the two materials, it must be able to withstand and retain
its chemical properties once the printing process is resumed and the substance experiences
conductive, radiative, and convective thermal loading. All modes of heat transfer are present
within the FDM system since fans inside the build chamber pump hot air constantly creating a
convective environment. The extruded PC material transfers heat to the previously deposited layers
via conduction and given its large temperature, the liquefier block in the extrusion head radiates
heat which is absorbed by the printed part in close proximity. By creatin a strong bond between
copper and PC, an increase in the mechanical properties can be expected since the copper wires
would act as fibers reinforcing the specimen.
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Chapter 5 Conclusions and future work
In this project specimens produced with UTEP’s Foundry Multi3D system were
mechanically characterized. Five different samples were produced with at least five specimens for
each treatment. Neat or control specimens didn’t contain any wires and were not exposed to room
temperature nor paused. Exposed specimens had no wires or cavities however they were
transferred out of the FDM system and left outside of the control environment for 15 min. Three
different categories existed for specimens containing wires. Parts with one embedded wire, three
embedded wires, and five embedded wires were constructed. During manufacturing, the exposure
time of these samples differs and also the number of cavities present. The neat specimens displayed
the largest magnitude for UTS, strain and E-modulus. This is expected since the manufacturing of
the neat group occurs in a controlled environment with no thermal fluctuations present throughout
the build process. The neat specimen also did not contain cavities or voids in the mid-plane
allowing more material to present during load distribution reducing the stress concentration in the
cross-section. Next, the exposed group saw a decrease in UTS of 16% in comparison to the neat
or control group. Since the control and exposed group shared the same geometry, the decrease in
mechanical properties can be attributed to the exposure time the group endured outside the printer.
When analyzing the data of the embedded groups a correlation can be drawn between the number
of embedded wires or cavities and the decrease in mechanical properties since with more wires
present there is a decrease in properties. Still, the groups containing 1-wire and 3-wires were
statistically similar throughout the three main mechanical properties analyzed but differed when
compared to the control and exposed groups. The researchers attribute this to the long exposure
times due to the ultrasonic embedding process and the change in geometry promoting stress
concentration. The specimens containing 5-wires saw the largest drop in strain and UTS. This can
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be attributed to the long exposure times the part experienced causing this specimen to shrink and
expand throughout the manufacturing process as explained by the coefficient of thermal expansion.
FEA analysis was performed in the four different geometries used in this research to understand
the effect of stress concentration with respect to number of wires. The model can be used to
understand how featured within the design react to applied loading. The results obtained can be
used to prescribe possible changes that can improve the performance of the parts under these
conditions. One of them can be including cavities with round channels to better distribute forces
and eliminate sharp edges within the wire structure. In order to improve the properties of some of
these components the coefficient of thermal expansion must be analyzed depending on the material
used to prescribe process modifications such as mechanically raising the platform to account for
shrinkage. The embedding and transfer process can also be designed to take place in control
environments to reduce rapid cooling of the parts. A strategy for increasing the bond strength
within the copper wire and pc substrate can be proposed to determine whether or not this has an
increase in mechanical properties. This data can help in the design of embedded components when
integrated functionality is the goal in mind and also in aiding future process improvements to the
hybrid additive manufacturing approach.

70

References
[1] Rott, S., Ladewig, A., Friedberger, K., Casper, J., Full, M., Schleifenbaum, J.H., 2020. Surface
roughness in laser powder bed fusion – Interdependency of surface orientation and laser
incidence. Additive Manufacturing 36, 101437. https://doi.org/10.1016/j.addma.2020.101437

[2] Soltani-Tehrani, A., Pegues, J., Shamsaei, N., 2020. Fatigue behavior of additively manufactured
17-4 PH stainless steel: The effects of part location and powder re-use. Additive Manufacturing
36, 101398. https://doi.org/10.1016/j.addma.2020.101398

[3] Edgar Mendoza Jimenez, Daming Ding, Laisuo Su, Aparna R. Joshi, Aarti Singh, B. Reeja-Jayan,
Jack Beuth (2019). Parametric analysis to quantify process input influence on the printed
densities of binder jetted alumina ceramics. Journals Elsevier Additive Manufacturing 30 100864

[4] Miyanaji, H., Zhang, S., Lassell, A., Zandinejad, A., & Yang, L. (2016). Process development of
porcelain ceramic material with binder jetting process for dental applications. Jom, 68(3), 831841.
[5] Introduction to Plastics Engineering. Elsevier, 2018. doi: 10.1016/C2014-0-03688-X.

[6] R. O. Ebewele, Polymer Science and Technology. CRC Press, 2000.
[7] M. Gebler, A. J. M. Schoot Uiterkamp, and C. Visser, “A global sustainability perspective on 3D
printing technologies,” Energy Policy, vol. 74, pp. 158–167, Nov. 2014, doi:
10.1016/j.enpol.2014.08.033.

71

[8] Sheet Lamination | Additive Manufacturing Research Group | Loughborough University.”
https://www.lboro.ac.uk/research/amrg/about/the7categoriesofadditivemanufacturing/sheetlamin
ation/ (accessed Jun. 08, 2021).
[9] Directed Energy Deposition | Additive Manufacturing Research Group | Loughborough
University.”
https://www.lboro.ac.uk/research/amrg/about/the7categoriesofadditivemanufacturing/directedene
rgydeposition/ (accessed Jun. 08, 2021).
[10] Thermo Fisher Scientific (Ed.). (n.d.). Chemistry of crosslinking. Chemistry of Crosslinking.
Retrieved April 4, 2022, from https://www.thermofisher.com/us/en/home/life-science/proteinbiology/protein-biology-learning-center/protein-biology-resource-library/pierce-proteinmethods/chemistry-crosslinking.html
[11] P. M. (Ed.). (2021, April 14). Plastic materials International Polymer Engineering (IPE).
Retrieved April 4, 2022, from https://ipeweb.com/thermoplastic-extrusion/plastic-materialswhat-is-the-difference-between-thermoplastics-thermosets-and-elastomers/
[12] Jose L. Coronel Jr., Katherine H. Fehr, Dominic D. Kelly, David Espalin, Ryan B. Wicker,
"Increasing component functionality via multi-process additive manufacturing," Proc. SPIE
10194, Micro- and Nanotechnology Sensors, Systems, and Applications IX, 101941F (18 May
2017); doi:10.1117/12.2263257
[13] Espalin D, Muse D W, MacDonald E, Wicker R B. 3D Printingmultifunctionality: structures with
electronics. Int J Adv Manuf Technol 72, 963–978 (2014).
[14] Castillo S, Muse D, Medina F, MacDonald E, Wicker R (2009) Electronics integration in
conformal substrates fabricated with additive layered manufacturing. Proceedings of the 20th
Annual Solid Freeform Fabrication Symposium. pp 730–737

72

[15] Shemelya C, Cedillos F, Aguilera E, Espalin D, Muse D et al. Encapsulated copper wire and
copper mesh capacitive sensing for 3-D printing applications. IEEE Sens J 15, 1280–1286
(2015).
[16] Wicker R B, MacDonald E W. Multi-material, multi-technology stereolithography. Virtual Phys
Prototyping 7, 181–194 (2012).
[17] Emerson Armendariz, David A. Sepulveda, David Espalin, Jacob I. Rome, Andrew J.
Hall, and Dmitry Veksler "Automated laser soldering techniques for ultrasonically embedded
wires in a hybrid additive manufacturing environment for electric multifunctionality", Proc. SPIE
11992, Laser 3D Manufacturing IX, 1199209 (4 March
2022); https://doi.org/10.1117/12.2615234
[18] COMSOL. (n.d.). Multiphysics Cyclopedia. Retrieved April 7, 2022, from
https://www.comsol.com/multiphysics/finite-element-method
[19] Cornell University, C. (n.d.). A Hands-on Introduction to Engineering Simulations. Retrieved
April 7, 2021, from https://learning.edx.org/course/coursev1:CornellX+ENGR2000X+1T2018/home
[20] Dattatray Kothawale, Dr. Y.R. Kharde, “Analysis of Lower Control Arm in Front Suspension
System Using FEA Approach” Internationals Journals of Engineering Research and
Development 2013
[21] Patil, Todkar, Mithari, “Experimental & Finite Element Analysis of Left Side LowerWishbone
Arm of Independent Suspension System” IOSR Journal of Mechanical and Civil Engineering,
2013
[22] Metha, Somani, Babu, “Static stress analysis of composite spur gear using finite element
method” Materials today: Proceedings, 2018

73

[23] Element. (n.d.). Composite materials testing. Retrieved March 7, 2022, from
https://www.element.com/landing/aerospace/composite-materials-testing
[24] ASTM International - Standards Worldwide. (n.d.). Retrieved March 7, 2022, from
https://www.astm.org/
[25] K. M. M. Billah, J. L. Coronel, M. C. Halbig, R. B. Wicker, and D. Espalin, “Electrical and
thermal characterization of 3D printed thermoplastic parts with embedded wires for high currentcarrying applications,” IEEE Access, vol. 7, pp. 18799–18810, 2019, doi: 10.1109/
ACCESS.2019.2895620
[26] Sayre, Robert M.. “A Comparative Finite Element Stress Analysis of Isotropic and Fusion
Deposited 3 D Printed Polymer.” (2014).
[27] M.N. Jahangir, K.M.M. Billah, Y. Lin, D.A. Roberson, R.B. Wicker, D. Espalin,
Reinforcement of material extrusion 3D printed polycarbonate using continuous carbon fiber,
Additive Manufacturing, Volume 28,2019,Pages 354-364, ISSN 2214-8604,
https://doi.org/10.1016/j.addma.2019.05.019.
[28] Baikerikar, P., Turner, C.J. Comparison of FEA simulations and experimental results for as-built
additively manufactured dogbone specimens. Int J Adv Manuf Technol 115, 2839–2851 (2021).
https://doi.org/10.1007/s00170-021-07307-9
[29] Uzoma Ajoku, Neil Hopkinson, Mike Caine, Experimental measurement and finite element
modelling of the compressive properties of laser sintered Nylon-12, Materials Science and
Engineering: A, Volume 428, Issues 1–2, 2006, https://doi.org/10.1016/j.msea.2006.05.019.
[30] Steven Keating, Neri Oxman, Compound fabrication: A multi-functional robotic platform for
digital design and fabrication, Robotics and Computer-Integrated Manufacturing, Volume 29,
Issue 6, 2013, ISSN 0736-5845, https://doi.org/10.1016/j.rcim.2013.05.001.

74

[31] Prahar M. Bhatt, Rishi K. Malhan, Pradeep Rajendran, Satyandra K. Gupta, Building free-form
thin shell parts using supportless extrusion-based additive manufacturing, Additive
Manufacturing 2020, ISSN 2214-8604, https://doi.org/10.1016/j.addma.2019.101003.
[32] Murty, Nikhil Nault, Isaac, Multiple Robot-Arm Synchronization for Convergent
Manufacturing: A Review, Technical report 2021, US Army Combat Capabilities Development
Command, Army Research Laboratory
[33] Encyclopædia Britannica, inc. (n.d.). Anisotropy. Anysotropy physics . Retrieved April 9, 2022,
from https://www.britannica.com/science/anisotropy
[34] Stratasys. (n.d.). Production-grade thermoplastic for fortus 3D ... - stratasys. Production grade
thermoplastics for fortus 3D printers. Retrieved April 10, 2022, from
https://www.stratasys.com/-/media/files/material-spec-sheets/mss_fdm_pc_1117a.pdf
[35] Mechanical User's Guide. (n.d.). Static Structural Analysis. ANSYS Help Static Structural
Analysis. Retrieved April 10, 2022, from
https://ansyshelp.ansys.com/Account/Login?ReturnUrl=%2FViews%2FSecured%2Fcorp%2Fv2
12%2Fen%2Fcfx_tutr%2Fcfx_tutr.html
[36] ANSYS. (n.d.). Introduction to ansys meshing for FEA | Ansys training. Fundamentals of FEA
meshing for structrual analysis . Retrieved April 10, 2022, from https://www.ansys.com/enus/home/training-center/course-catalog/structures/introduction-to-ansys-meshing
[37] ANSYS. (n.d.). Equivalent Von Mises | General sate of stress. Retrieved April 10, 2022, from
https://ansyshelp.ansys.com/account/secured?returnurl=/Views/Secured/corp/v212/en/wb_sim/ds
_Equiv_Stress.html

75

[38] Wikbooks. (n.d.). Strength of materials | Ansys training. Mechanical user’s guide. Retrieved
April 10, 2022, from
https://en.wikibooks.org/wiki/Strength_of_Materials/General_State_of_Stress#Mohr's_Circle
[39] Hayes, A. (2022, February 8). What is a confidence interval? Confidence interval. Retrieved
April 18, 2022, from
https://www.investopedia.com/terms/c/confidenceinterval.asp#:~:text=A%20confidence%20inte
rval%20displays%20the,of%2095%25%20or%2099%25.

76

Appendix

77

Specimen 7-N

Specimen 1-E
60

60
y = 1536.6x + 2.285

50

Stress (MPa)

Stress (MPa)

50
40
30
20

30
20

10

10

0

0
0

y = 1704.7x + 0.7811

40

0

0.01
0.02
0.03
Strain (mm/mm)

0.02
Strain (mm/mm)

Specimen 3-E

60

50

50

40

Stress (MPa)

Stress (MPa)

Specimen 2-E

40 y = 1733.4x + 1.3513
30
20

30
20

10

10

0

0
0

0.01
0.02
0.03
Strain (mm/mm)

y = 1697.9x + 0.6318

0

78

0.01
0.02
0.03
Strain (mm/mm)

Specimen 4-E

Specimen 5-E

60
40

50

y = 1698.5x + 1.5531

Stress (MPa)

Stress (MPa)

50

60

30
20
10

y = 1690.8x + 0.709

40
30
20
10

0

0
0

0.02
Strain (mm/mm)

0

Specimen 6-E

Specimen 7-E

60

60
50
y = 1646.1x - 0.2092

30
20

Stress (MPa)

Stress (MPa)

50
40

0.01
0.02
0.03
Strain (mm/mm)

30
20

10

10

0

0
0

0.02
Strain (mm/mm)

y = 1733.9x + 0.7332

40

0

79

0.01
0.02
0.03
Strain (mm/mm)

Specimen 2-1W

60

60

50

50

Stress (MPa)

Stress (MPa)

Specimen 1-1W

40
30
20

40
30 y = 1909x + 0.4976
20

10

10

0

0
0

0

0.02
Strain (mm/mm)

Specimen 3-1W

Specimen 4-1W

60

60

50

50

y = 1865.5x - 0.8031

Stress (MPa)

Stress (MPa)

0.01
0.02
0.03
Strain (mm/mm)

40
30
20

40
20

10

10

0

0
0

0.01
0.02
0.03
Strain (mm/mm)

y = 1951x - 0.23

30

0

80

0.01
0.02
0.03
Strain (mm/mm)

81

82

83

Vita
David Abraham Sepulveda Navarrete was born in El Paso TX. Right after he moved to
Juarez Chihuahua and at the age of 11 he moved to Nuevo Casas Grandes. He then emigrated from
the city of Nuevo Casas Grandes Chihuahua Mexico after graduating from high school (CETIS
93) in 2015.
He then began his college education at El Paso Community College before transferring to
The University of Texas at El Paso. He received his bachelor’s with honors in mechanical
engineering in 2020 while pursuing a fast-track certificate in additive manufacturing. Since 2020
also he has been serving at the W.M. Keck Center where he has performed research in additive
manufacturing of ceramics, metals and polymers. His work also focused on the use of hybrid
manufacturing of printed components with embedded functionality. During his master’s degree he
had the opportunity to also serve as a teaching assistant and mentor in training fellow colleagues
at his laboratory. David is the first member of his family to receive a STEM degree outside of
Mexico and is also a first-generation immigrant.
David has co-authored one publication and has one on-going publication.

Contact information: David Abraham Sepulveda Navarrete - dasepulveda2@miners.utep.edu

84

